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Abstract. We discuss the IR/visible/VUV continuum emission of the impulsive phase of 
a solar flare, using TRACE UV and EUV images to characterize the spectral energy dis- 
tribution. This continuum has been poorly observed but dominates the radiant energy ener- 
getically. Recent bolometric observations of solar flares furthermore point to the impulsive 
phase as the source of a major fraction of the radiant energy. This component appears to 
exhibit a Balmer jump and thus must originate in an optically thin region above the quiet 
photosphere, with an elevated temperature and strong ionization. 



1. Introduction 



Since the original observation jCarringtonl 
1859) it could be recognized that the visible 
continuum might represent intense energy re- 
lease - the flare emission rivaled that of the 
photosphere itself. Until recent ly it has been 
diffic ult to quantify this energy dFletcher et alJ 
120071) . since the extension of the white-light 
continuum into the ultraviolet wavelengths 
could not readily be observed. To this date we 
have only an extraordinarily skimpy record of 
the UV and VUV extension of the white-light 
continuum. White-light spectra in visible light 
also remain rare, principally because of the 
difficulty of placing a spectrograph slit at the 
right location and at the right time. The flare 
continuum, though bright, must compete with 
spatial and temporal "noise" from the photo- 
sphere. This amounts to contrast fluctuations 
(A///) of a few percent even in the quiet Sun, 
due mainly to convective motions (granulation) 
and to the p-modes. The spatial variations are 



much larger in active regions where flares tend 
to occur. 

In the meanwhile flare observations at 
other wavelengths have proliferated. The X- 
ray and radio observations showed that the up- 
per solar atmosphere, into the corona, must 
play a vital role in flare physics. Observations 
in the UV beyond the Balmer limit (A < 
3646A) and the vacuum UV (VUV) up to 
Ly-a have lagged, even though such obser- 
vations would clarify the energy content im- 
plied by the v isible continuum. Most recently 
IWoods et ail d2004l) have for the first time 
detected solar flares bolo metrically (see also 
iHudson & Willsonl Il983l) . Other non-visible 
observations have provided a great deal of 
diagnostic information. In particular a strong 
association between the occurrence of the 
white-light coninuum and th e hard X-ray 
emission was noted early on dSvestkalll970t 
iRust & Hegwer 1975J) and convincingly estab- 
lished with modern d ata dHudson et alJI 1992t 
lNeidig&Kanelll993l) . 
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Optical spectra of white-light flares have 
been divided into type I and type II acoord- 
ing to the presence or absence of the Balmer 
jump in the optical continuum dMachado et alJ 
1986). In this paper we argue that the type I 
events, which show the Balmer jump, are asso- 
ciated with the impulsive phase of the flare and 
consist of continuum produced in an optically- 
thin layer with non-equilibrium ionization at 
some altitude, pre sently not known, a bove the 
quiet photosphere. iBover et alJ d 19851) describe 
the interpretation of such a slab model, but 
without the extra ionization. 



2. The white-light spectrum 

At visible wavelengths, the white-light contin- 
uum in the quiet Sun comes from H free- 
free and free-bound radiation. Note that the 
H~ free-free process does not actually involve 
an H ion as such. At longer wavelengths or- 
dinary free-free opacity due to electron-proton 
interactions begins to dominate. During flares 
this situation may change because of increased 
ionization. Because the radiation helps to de- 
fine the actual structure of the atmosphere, 
we must simultaneously understand the plasma 
motions and the radiative transfer processes. 
Especially during the impulsive phase we can- 
not assume that the continuum would have the 
same sources as during quiet times, for exam- 
ple as described in semi-empirical static mod- 
els such as VAL-C dVernazza et alJll98ll) . 

Observations of the flare white-light con- 
tinuum itself have have proven difficult, in 
spite of its importance. Few dedicated obser- 
vations explicitly dedicated to studying these 
phenomena could be properly motivated, given 
the rarity of the phenomenon. D. Neidig of 
Sacramento Peak Observatory led the most im- 
portant one, which included broad-band pho- 
tomeric observations, spectroscopic observa- 
tions, and theoretica l interpretation. We rep ro- 
duce a figure from (Neidig & Wib ord[l984l) in 
Figure Q] which illustrates some of the interest- 
ing problems of white-light flare (WLF) spec- 
troscopy, in particular one can note that the 
continuum jump expected at the Balme r edge 
(3646A) appears clearly in the iHieil d 19821) 
spectrum, not at all in the Machado & Rust! 
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Fig. 1. Comparison of UV spectra of three 
white-light flares, from Neidig (1983): (up- 
per), Hiei (1982, middle), and Machado & 
Rust (1974, lower). 



d 19741) spec trum, and app arently in the wrong 
place in the iNeidigl d 19831) spectrum. This lat- 
ter peculiarity - observed as well in other flares 
- could conceivably be explainable as the re- 
sult of the crowding-together of higher Balmer 
lines, which could make the i dentification of 
the co ntinuum ambiguous, but Zirin & Neidig 
d!981l) argue against this suggestion; the ori- 
gin of this "blue continuum" therefore remains 
somewhat ambiguous. 

3. Flare continuum mechanisms 

A flare alters the structure of the solar atmo- 
sphere, affecting all of the plasma parame- 
ters; the complexity of the radiation processes 
and the fact that they are intimately coupled 
to the structure itself makes this a compli- 
cated theoretical problem. Accordingly many 
authors have sought understanding through nu- 
merical calculations in the radiation hydrody- 
namics in the ID radiation hydrodynamics ap- 
proximation. Such a complicated approach is 
necessary even for the relatively simple hydro- 
gen atom, since it dominates the continuum 
and since the particular continuum components 
(Lyman, Balmer, Paschen) depend on the non- 
equilibrium level populations of many levels. 
Essentially the problem of continuum forma- 
tion boils down to an understanding of the vari- 
ation of opacity and electron temperature as a 
function of height and time in the perturbed at- 
mosphere; T e at a range of optical depths de- 
termines the surface brightness. Unfortunately 
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3D st ructure may be involved (e.g. llsobe et al.1 
l2Q07h . and so even the concept of "height" 
needs to be examined critically. 

For thermal processes, we can use the ba- 
sic principles of radiative transfer to describe 
a slab of warm chromospheric material overly- 
ing the unperturbed photosphere. For slab op- 
tical depth r, the emitted flux 

F oc (1 - e~ T ) S s i cl b + S pho t e~ T , 

where S is the source function. 

Kirchoff's Law states that j v = k v S v , 
where the source function S v would be the 
Planck function if the medium were in lo- 
cal thermodynamic equilibrium. Thus to pro- 
duce an excess emission from the chromo- 
sphere, both the ionization (to enhance the 
continuum) and the temperature (to increase 
the s ource function ) must increase during the 
flare (iHudsonll 1972b . This can result from col- 
lisional heating and the associated non-thermal 
ionization mainly from the secondary effects of 
"knock-on" electrons. Each primary ionization 
event results in an almost equally fast electron. 
In the "specific ionization" approximation to 
the ionization rate, one ion pair is formed for 
approximately each 36 e V of energy deposi- 
tion f or neutral hydrogen (Dal garno & Griffingl 
1958). More detailed calculations confirm the 
basic importan ce of non-thermal ionization 
in this context ( Aboudarham & Henouxll 19871) 
The secondary ionization may non-local, so the 
physics in this approximation could similar to 
that of "back-warming," where in the Balmer 
continuum photons can penetrate deeper than 
the layer of primary energy deposition, and 
produce not only secondary ionization but also 
heating in a deeper layer. 

We do not think that a self-consistent the- 
ory including radiative transfer together with 
a detailed description of the electron distri- 
bution function yet exists. The ionization in 
the solar atmosphere in general does not obey 
the Saha equation, since the medium is op- 
tically thin. Accordingly one must consider 
not only non-thermal ionization, bu t also non- 
equiliibrium effects dHeinzell 1 1 99 lb resulting 
from the asymmetry of ionization and re- 
combination rates. These effects (non-thermal 



and non-equilibrium) imply that the ioniza- 
tion of hydrogen can deviate from that ex- 
pected in any calculation of ionization equi- 
librium, and of course these deviations should 
be most pronounced during the sudden per- 
turbations associated with a flare. The signif- 
icance of overionization for continuum emis- 
sion can readily be seen from the emission 
measure: hydrogen continuum depends basi- 
cally on n^, whereas any line emission varies 
as n e nz, where \\z is the particular ionic 
species involved. Overionization produces an 
excess of electron pressure and thereby in- 
creases the continuum/line ratio in regions with 
intermediate hydrogen ionization. The detec- 
tio n of the Paschen contin uum (from 8204A) 
bv lNeidig & Wiborgl d 19841) provides evidence 
that an optically thin layer could generate the 
continua obser ved all across the IR/UV/VUV 
range. Note that lLiu et al.ld200ll) also observed 
Brackett continuum excesses near the Ca n line 
at 8542A in a white-light flare. 



4. Observations 

Only a few solar observations of the UV/EUV 
spectra of solar flares exist. Notably 
iBrekke et al.1 <|l996) 

observed an X-class 
flare, but temporal information was almost 
completely missing. There are however many 
broad-band imaging observations of flares, 
especially from TRACE. The EUV passbands 
(303 A, 284A, 195 A, and 171 A) are normally 
interpreted in terms of their dominant line 
contribution s, for example as ob tained from 
CHIANTI. iFeldman et ail d 19991) point out 
that these passbands also respond to the con- 
tinuum. In this analysis we assume that strong 
nonthermal ionization makes the continuum 
dominate these passbands and use them to 
sketch out the spectral energy distribution. 

Figure [2] shows TRACE observations 
(1600A and 171A) of a C6.7 flare (2003 
Oct. 20) normalized to GOES X10 and com- 
pared with the TSI observation of Woods et al. 
(2004). This composite, represented as vf v to 
show the energy distribution, is consistent with 
the conclusion that the bulk of the energy radi- 
ated in the impulsive phase of a flare lies in the 
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visible or n ear UV spectrum. Thi s result agrees 
with that of iFletcher et all (120071) . 

An optically thin slab lying above the pho- 
tosphere will show recombination edges and a 
(hydrogen) free-free flux given by S v = k v B v L, 
or 

«? AAh , , 

S v at Q.\—Z—By— j ergCcm^ec)" 1 

where the flare area-height product AAh can 
be determined from the (volumetric) emis- 
sion measure and the density. Here we as- 
sume that hydrogen is fully ionized, the free- 
free Gaunt factor is unity, and Z H = 1.2 us- 
ing the formulae of iKleinl dl987|) . The en- 
ergy distribution in Figure [2] shows an exam- 
ple of this, assuming a large density and a 
sm all line-of-sight thicknes s in th e spirit of 
the ISvrovat skii & Shmeleva] i 19771) "constant 
density" approximation of the ambient atmo- 
sphere. In this approximation the energy depo- 
sition occurs more rapidly than hydrodynamic 
effects can change the preflare density structure 
appreciably. 

The example shown in Figure [2] shows 
what should happen if a relatively deep layer 
(the density corresponsd to a height above the 
photosphere of about 800 km in the VAL-C 
model) becomes fully ionized. This layer is at a 
column depth of about 10 21 cm 2 , and so corre- 
spond s to an electron energy of about 100 keV 
in the iBrownl dl97ll) propagation model. This 
is roughly consist ent with the energe tics for 
white-light flares (IFletcher et al.ll2007l) . but it 
is definitely inconsistent with the heating re- 
quirements for white-light flare models requir- 
ing the source to be at the pre-flare photosphere 
in height. 

In both the optically-thick and optically- 
thin interpretations of the visible/UV contin- 
uum, the observations show that the bulk of 
the energy radiated in the impulsive phase lies 
at longer wavelengths; the EUV and X-ray do- 
mains contribute relatively little. Furthermore, 
the required source densities, c onsistent with 
the o bserved source areas (e.g., Hudson et alJ 
2006) imply heights deep in the solar atmo- 
sphere but still many scale heights above the 
visible pre-flare photosphere. 




Fig. 2. The spectral energy distribution (vf v ) 
of the quiet Sun, with an optically thin warm 
chromospheric slab source superposed on the 
photosphere and shown as a dashed line. The 
parameters for this spectrum are 1.4 x 10 4 K, 
10 14 cm 4 , emission measure 3 x 10 54 cirT 3 , 
and line-of-sight thickness 10 7 cm. The vis- 
ible/IR quiet-Sun data come from Wehrli 
(1985), the UV beyond 1200A from Warren 
(2005), and the microwave points from the 
Nobeyama fixed-frequency data for December 
2008. The dotted line shows a blackbody at 
5778 K. The flare points (as t erisks) show dat a 
from lKaufmann et all (l2004l) . IXu et all (120041) . 
and our analysis of TRACE observations at 
1600 A and 171 A, with all points scaled by the 
GOES magnitude of the event to a common 
X10 level. 



The emission measure required for an 
optically-thin source at visible wavelengths is 
3-4 orders of magnitude larger than that ob- 
served in soft X-rays or in the microwave 
"post - burst increase" sourc es dHudson & Ohkil 
Il972t IChertoketai1ll995l) . This implies that 
the source must be compact enough to be op- 
tically thick at centimeter wavelengths. We 
check that this is the case by computing 
the frequency for which the optical depth 
r v = 1 . For the model parameters of Figure [2] 
this frequency turns out to be well above 
1 THz (in fact, at about 10 ft), consistent 
wi th the THz emission c ompone nt observed 
bv iKaufmann et ail d2004l) and by iLuthi et all 
(2004). We note that the warm chromospheric 
slab source cannot explain the EUV observa- 
tions without requiring too much energy. 
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5. Conclusions 

We have made the case that the impulsive- 
phase continuum emission at IR, visible, and 
near UV wavelengths results from an optically 
thin source layer well above the nominal pho- 
tosphere inspite of the 1.56// observations of 
IXu et alJ (l2004l) . This layer, to be bright in the 
continuum, must be over-ionized as a result 
of non-thermal and non-equilibrium processes 
that remain to be described properly. The ob- 
served strong association between white-light 
flaring and hard X-ray emission implies that 
non-thermal electrons play a dominant role 
in energy transport, and also control the ion- 
ization. Whether these electrons come from 
a coronal acceleration "bla ck box" as in the 
standard thick-target model (|Kane & Donnellvl 
ll97ltlBrowr] |l971: Hudso3ll972t) remains to 



be seen, since other mec hanisms of energy 
transport may be required dFletcher & Hudson! 
l2008tlEmslie & Sturrockll 19821) . 

The model comparison we have shown in 
Figure [2] should not be overinterpreted, since 
we had to intercompare data from three differ- 
ent flares. The plot also has a range of many 
decades, which tends to hide discrepancies, 
and even a simple slab model has four free pa- 
rameters (T, n e , Ah, and the emission measure). 
The most discrepant parameter in the model 
of Figure [2] would be the derived horizontal 
scale VA = 1.7 x 10 9 cm. We hope in the fu- 
ture to examine more of the EUV and X-ray 
data with the same continuum interpretation 
we have used here; note that Feldman et al. 
(1999) found that even in the post-maximum 
phase of their C6.8 flare, continuum emission 
still appeared to dominate the EUV passbands 
of TRACE. 

The extension of the white-light flare spec- 
trum into the VUV, and possibly beyond, re- 
mains as a goal for future observations. We 
do not know what spectra can match the 
TSI observations of Woods et al. (2004; M. 
Kretzschmar, personal communication 2008), 
in terms of mean parameters or detailed atmo- 
spheric structures. Because a flare perturbs the 
pre-flare atmosphere so dramatically, involv- 
ing not only non-equilibrium and non-thermal 
atomic processes but also strong mass motions 



from unknown causes on short (and probably 
unresolved) time scales, we believe that mod- 
eling presents difficult problems that have not 
yet been tackled. Thus continuum observations 
across the entire range from the far IR through 
to the EUV will provide our best understanding 
of the dominant radiation processes of a flare. 
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